In order to study the hydraulic behavior of fouled ballast, an infiltration column of 600 mm high and 21 300 mm in diameter was developed. Five TDR sensors and five tensiometers were installed at various 22 levels, allowing the measurement of volumetric water content and matric suction, respectively. The 23 material studied was fouled ballast that was formed in the railway track-bed by penetration of fine-24 grained soil into the ballast. This material is characterized by a high contrast of size between the largest 25 and the smallest particles. During the test, three stages were followed: saturation, drainage, and 26 evaporation. Based on the test results, the water retention curve and the unsaturated hydraulic 27 conductivity were determined. The quality of the results shows the capacity of this large-scale 28 infiltration column in studying the unsaturated hydraulic properties of such fouled ballast. 29 30
indicated that highly fouled ballast loses its functions related to water drainage: the permeability of 48 fouled ballast lower than 10 −4 m/s is considered unacceptable following Selig and Waters (1994) . 49 Robinet (2008) investigated the French railway network and observed that 92% of stability problems 50 have been related to insufficient drainage of the platforms. This shows the importance of a good 51 understanding of the hydraulic behavior of soils involved in the platforms, especially fouled ballast. 52
Up to now, there has been quite limited knowledge on the hydro-mechanical behavior of these 53 kinds of soils, even though it is well recognized that these soils can play an important role in the overall 54 behavior of railway platforms. This is probably due to the difficulty of experimentally working on these 55 coarse-grained soils: common experimental devices for soils can no longer be used and large scale 56 columns are needed. The difficulties are obviously much higher when these soils are unsaturated and 57 their densities are high. 58
The hydraulic conductivity of saturated soils is mainly a function of their void ratio, while the 59 hydraulic conductivity of unsaturated soils is not only dependent on the void ratio, but also the degree of 60 saturation (or volumetric water content). Nowadays, there are various methods in the literature allowing 61 and sub-soil during the degradation of the railway structures. The sub-soil was also taken at this site. 110
Identification tests were performed in the laboratory on these materials. The results show that the sub-111 soil is high-plasticity silt with a liquid limit w L = 57.8% and a plasticity index I p = 24.1. The fraction of 112 particles smaller than 80 µm is 98% and that of particles smaller than 2 µm is 50%. The fouled ballast 113 contains 3% to 10% of stones (50-63 mm), 42% to 48% of ballast (25-50 mm), 36 to 42% of micro-114 ballast, sand, degraded ballast (0.08 to 25 mm), and 16% fines (<80 µm). It represents a mixture of fine-115 coarse-grained soils. Figure 1 shows the grain size distribution curves of both the sub-soil and fouled 116 ballast. 117
The density of particles smaller than 2 mm was determined by the pycnometer method (AFNOR 118 1991) and a value of  s = 2.67 Mg/m 3 was found. The density of particles larger than 2 mm and those 119 greater than 20 mm was determined using the same method but with a device of larger size (AFNOR Experimental setup 124 Figure 2 shows the infiltration column developed to study the hydraulic behavior of the fouled ballast. It 125 has an internal diameter of 300 mm, a wall thickness of 10 mm and a height of 600 mm. The column is 126 equipped with five volumetric water content sensors (TDR1 to TDR5) and five matric suction sensors 127 (T1 to T5) disposed at equal distance along the column (h = 100, 200, 300, 400 and 500 mm). On the 128 top, a hole of 50 mm in diameter was drilled allowing installation of a sensor of suction if needed. A 129 second hole in the center allows water drainage or air expulsion. Two valves are installed at the bottom,7 allowing water injection after expulsion of air in the ducts. Two porous stones are placed for the two 131 valves to avoid any clogging of ducts by soil particles. Geotextiles are placed on the top and at the 132 bottom of the soil specimen. O-rings are used to ensure the waterproofness. A Mariotte bottle is used for 133 water injection. As the area occupied by the sensors is just 6.8% of the total apparatus section area, the 134 sensors installation is expected to not affect the water transfer inside the soil column. 135
The TDR probes used are of waveguides buried (GOE) type, with 3 rods of 3. 
Experimental procedure 150
The soil studied was firstly dried in an oven at 50°C for 24 h. Water was then added using a large 151 mixer to reach the target water content. After mixing, the wet material was stored in hermetic containers 152 for at least 24 h for moisture homogenization.
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The soil specimen was then prepared by compaction in six layers of 0.10 m each in the 154 infiltration column using a vibrating hammer. The density of each layer was controlled by fixing the soil 155 weight and the layer height. Before compaction of the subsequent layer, a TDR probe and a metal rod of 156 25 mm diameter were placed on the compacted layer. Once the soil specimen was prepared, the metal 157 rods were removed to install the tensiometers. This protocol was adopted because the tensiometers are 158 fragile and they can't stand the compaction force without being damaged. Considering the influence 159 zone of TDR probes, the distance between the tips of tensiometers and TDR probes was set greater than 160 40 mm. In order to ensure the good contact between tensiometers and soil, a paste made of sub-soil was 161 injected in the holes before introducing the tensiometers. 162
The test was carried out in 3 stages: saturation, drainage and evaporation. The specimen was 163 saturated by injecting water from the bottom. Water was observed at the outlet in less than one hour, and 164 the soil specimen was considered saturated after one day of water flow. Saturated hydraulic conductivity 165 was measured by applying a constant hydraulic head of 0.45 m, using the Mariotte bottle. After 166 completion of the saturation, tensiometers were installed on the column. Note that these sensors were not 167 installed before the saturation stage in order to avoid any cavitations due to possible high suctions in the 168 compacted material. After the installation of tensiometer, the soil column was re-saturated again because 169 the soil was de-saturated when installing the tensiometers. After the saturation stage, water was allowed 170 to flow out through the two bottom valves. After two days, when there was no more water outgoing, it 171 was considered that the drainage stage was completed. The top cover of the column was then removed to 172 allow evaporation. The two bottom valves were closed during this stage. The air conditions in the 173 laboratory during this stage were: a temperature of 22°C and a relative humidity of 505%. The 174 evaporation ended after about 160 h when the value given by the tensiometer T5 (h = 500mm) was -50 175 to -60 kPa. 176 inside the column, drainage was performed step-by-step. The drainage valve was opened to let 300 mL 178 of water drained, and then closed again until reaching the equilibrium of the TDR measurement inside 179 the column. This drainage was then repeated 10 times until the full drainage of pore-water inside the soil 180 specimen. For each step, as the TDR measurement reached the equilibrium, hydrostatic water pressure 181 distribution can be expected and the water content can then be estimated for each level of soil column 182 based on the quantity of water drained. These values of water content were then plotted versus the value 183 of K a given by the TDR in order to determine the calibration curve (Figure 3) 
Experimental results 187
The soil was compacted in the infiltration column at a density of 2.01 Mg/m 3 (a porosity of 0.25) and a 188 gravimetric water content of 5.5 %, corresponding to a volumetric water content of 10%. responses in volumetric water content were similar to that in water pressure, i.e., the volumetric water 217 content decreased quickly from the maximum value in 10 min. At t = 90 min, the measured volumetric 218 water content ranged from 15 to 17% except that by TDR2 (12%). 219 7a. The drainage stage stopped when no more water outflow was observed from the bottom valves (t = 221 54 h). The measured pressures were -2.0, -1.9, -1.6, -1.8 and -2.7 kPa for tensiometers T1 to T5, 222 respectively. Figure 7b shows the responses of the five TDR probes. At the end of the drainage stage (t = 223 54 h), the volumetric water contents were 11.7, 7.9, 11.8, 10.8 and 10.9% for TDR1 to TDR5, 224 respectively. It can be seen that both the water pressure and volumetric water content did not reach 225 equilibrium. 226
After the drainage stage, the bottom valves were closed, and evaporation was allowed from the 227 top side for 160 h. Figure 8a shows the water pressure changes. The tensiometer close to the surface (T5) 228
shows that the pressure decreased quickly from -2.7 kPa to -61. The models formula and parameters are presented in Table 1 . 249 Figure 10a shows the values of suction isochrones obtained during the evaporation stage. At the 250 beginning (t = 0), suction in the soil was similar and quite low (lower than 2 kPa), then it increased at 251 different rates depending on the position. The closer the tensiometer to the evaporation surface the faster 252 the suction changes. These suction isochrones were used to determine the slope of the total hydraulic 253 head which was in turn used to calculate the hydraulic gradient (i = ∂h/∂z). The measured volumetric 254 water content isochrones are shown in Figure 10b . The isochrones of calculated volumetric water 255 content from the suction measured using van Genuchten's equation (Table 1) experimental data can result in significant error in hydraulic conductivity. In the present study, the 261 calculation of unsaturated hydraulic conductivity was performed using both the measured water content 262 data ( Figure 10b ) and the calculated results (Figure 10c) , together with the suction profiles (Figure 10a ) 263 of the evaporation state. The volume of water passing through a given height for two different times was 264 determined based on the isochrones of volumetric water content. This volume was used to determine the 265 flow rate q. The hydraulic conductivity was calculated using Darcy's law. In the calculation of water 266 13 volume, three different heights (h = 400, 450 and 500mm) were considered. This calculation was 267 relatively easy with the volumetric profiles shown in Figure 10c , but a little difficult for that shown in 268 Figure 10b when considering the height lower than h = 300 mm. Indeed, Figure 10b shows that negative 269 values can be obtained when determining the water volume passing through the height h = 300 mm. This 270 is mainly because of the little changes in this zone and the accuracy of the measurements. In the 271 calculation, the non physical negative values were not considered for the determination of hydraulic 272 conductivity. Figure 11 shows the relationship between the hydraulic conductivity of soil at a dry density 273 The dry density of the soil studied is as high as 2.01 Mg/m 3 . Heavy compaction was needed to reach it. 288
To avoid damage of the tensiometers, metallic rods were used to prepare spaces during compaction for 289 14 tensiometers installation. For TDR sensors, they were placed between different soil layers and were 290 compacted together with the soil. The good response of these sensors during the test shows that they 291
were not damaged by the compaction. The inconsistent data given by the TDR sensor at h = 200 mm 292 (see Figure 4) is rather related to the soil heterogeneity. This observation confirms the difficulty of 293 preparing large-size specimen of fined-coarse grained soils on the one hand, and on the other hand, the 294 necessity of using representative large-size specimen for the investigation of hydraulic behavior of such 295 materials. In figure 9 , it was noted that a volumetric water content of 5% corresponds to a degree of 296 saturation of 20%. This can be explained by the presence of the large particles of ballast in the soil. 297
During injection of water, there was a difference between the estimated pore volume and the 298 volume of water injected to reach saturation ( Figure 5 ). This can be explained by the non-uniform flow 299 in the specimen because water flows mainly through the macro-pores. This phenomenon was also 300 reported by Moulton (1980) . This means that water outflow from the top valve is not an indicator of full 301 specimen saturation, and longer flow duration is needed (one day in this study). The values of degree of 302 saturation measured by TDR sensors were in the range between 90% and 100% after this stage (see 303 Figure 10b ). 304
In the present work, the hydraulic conductivity of unsaturated fouled ballast was obtained in the 305 infiltration column during the drainage and evaporation stages. Following ASTM (2010), the hydraulic 306 conductivity of unsaturated soils can be estimated from infiltration column test following four methods: 307 downward infiltration of water onto the surface of an initially unsaturated soil specimen (A1), upward 308 imbibitions of water from the base of an initially unsaturated soil specimen (A2), downward drainage of 309 water from an initially saturated soil specimen (A3), and evaporation of water from an initially saturated 310 soil specimen (A4). Methods A1 and A2 can be used for fine-grained sands and for low-plasticity silts. 311
Method A3 can be used with fine or coarse-grained sands. Method A4 can be used for any soil with the 312 exception of clays of high plasticity. In the work of Moore (1939) , unsaturated flow was induced 313 the surface. This method allowed studying various soils ranging from fine gravel to clay. 315
In the saturated condition, the hydraulic conductivity obtained in the saturated condition is 316
1.7510
-5 m/s. According to the classification of Bear (1988) for railway application, the drainage is 317 poor because this value corresponds to the hydraulic conductivity of very fine sand, silt, or loam. Note 318 that in the material studied, there are also clay (5%), fine sand and loam. Thus, from a practical point of 319 view, this soil cannot be used for drainage layer. 320
Conclusions 321
A large scale infiltration column was developed to study the hydraulic behavior of a fine-coarse grained 322 mixture from the fouled ballast layer of a railway constructed in the 1800s. The column is equipped with 323 tensiometer and TDRs to monitor the matric suction and volumetric water content, respectively. The 324 results obtained allow the following conclusions to be drawn: 325
The quality of the recorded responses show that the installation protocol adopted for tensiometer 326 probes (using metallic rod) and TDR probes (compacted together with soil) was appropriate when 327 testing fine-coarse-grained soils such as the fouled ballast. In addition, the use of both tensiometer and 328 TDR probes in the test enabled the direct determination of water retention curve and the direct 329 application of the instantaneous method for determining the hydraulic conductivity of the unsaturated 330 soil. The results of hydraulic conductivity obtained by both the measured volumetric water content 331 profiles and those fitted using the van Genuchten's model were found similar. This indicates that fitting 332 curves can be used when determining the hydraulic conductivity of unsaturated fouled ballast without 333 causing significant error. 
